Acoustic data from two long cores, comprising marine clays and silts taken from Emerald Basin off Nova Scotia, are presented. High-resolution measurements of compressional wave velocity, attenuation, and power law exponent are made using ultrasonic frequencies between 100 to 1000 kHz. The observed values of the frequency dependence of attenuation suggest that a nonconstant Q mechanism is needed to explain these data, and Biot-Stoll theory is used to model the experimental results. An inversion scheme is used to constrain physical parameters in the Biot-Stoll dispersion relation. The inversion shows that there is a restricted range of permeability and grain size. By assigning reasonable values for grain size in the inversion, the Biot-Stoll model predicts unique values for the permeability and frame bulk modulus that agree well with estimates made by other means.
INTRODUCTION
Given the high degree of variability in seafloor materials, a regional understanding of the composition and geologic nature of the seabed can be practically achieved only using remote sensing acoustic techniques. Consequently, much effort has been spent trying to interpret the manner in which the acoustic response of the seabed reflects its physical, geotechnical, and geological character. New quantitative and specialized sonar equipment • is currently being developed to measure remotely acoustic properties in an integrated manner. However, any analysis of sonar data demands a clear and focused understanding of the basic physical mechanisms that determine acoustic propagation through the sediments. These mechanisms are best investigated with controlled and direct measurements on sediment samples, uncomplicated by structural effects that may dominate in the natural environment.
Much acoustic research has concentrated on the measurement of acoustic wave velocity and attenuation and the variation of these parameters with frequency. In general, sound pressure amplitude is believed to decay exponentially with passage through sediments and the attenuation may be parametrized by 2 a=kf N,
where a is the acoustic attenuation coefficient (dB/m), k is a constant, f is the frequency of the acoustic wave (Hz), and N is the power law exponent. A continuing debate in the literature concerns the value of the frequency exponent and the nature of attenuation in marine sediments. Hamilton, 3-6 in a long series of papers, contends that the effects of a constant Q mechanism is observed in a wide range of laboratory and field data, and that frictional sliding between sediment grains dominates intrinsic attenuation. Biot 7-•ø and Stoll 2'•-•3 contend that the frequency exponent depends on the nature of the sediment structure and the frequency range' of the measurement, and that both grain boundary sliding and dissipation of energy by relative pore fluid viscous flow may be important. A recent review by Kibblewhite TM summarizes the debate between the two viewpoints. In a reanalysis of low-frequency data, Kibblewhite contends that the effects of a power law exponent can be recognized in low-frequency data.
In this paper, ultrasonic compressional wave velocity, attenuation, and power law exponent data, from highporosity cored marine sediments taken from a Quaternary sedimentary basin offshore Nova Scotia, are reported. The observed power law exponent of these data is consistently greater than one and Biot-Stoll theory is used to model these data. An inversion scheme is developed to estimate acoustic constraints on the variation of bulk frame modulus and permeability in the core.
I. BIOT-STOLL THEORY
Biot-Stoll theory 2 views a sediment as an isotropic, porous assemblage of solid grains held apart by skeletal contacts and containing void space saturated with gas or fluid. Compressional (P) and shear (S) waves traveling through this structure are attenuated by two physical mechanisms: (1) frictional grain to grain contact sliding and (2) viscous dissipation caused by relative motion between the grain and the interstitial fluid. This acoustic model predicts that both the velocity and attenuation of compressional and shear waves are dependent on fre-can be used to model marine acoustic velocity and attenuation data for artificial and natural materials with porosities ranging from 2% to 100%.
The reader is referred to Ogushwitz 15-17 or Stoll 2 for recent and more complete derivations of the Biot-Stoll formulation than is presented here. In this paper, we will deal solely with the compressional wave behavior in the ultrasonic frequency band ( 100-1000 kHz) for sediments with porosities greater than 50%. We consider a sediment with a porosity a=dqb/3(1-qb).
Estimates of the shear modulus/% for the frame are related to the bulk modulus of the frame K o by /z0= 3K0( 1 --2a)/2 ( 1 +a), Biot-Stoll theory is complicated, with more than ten physical parameters affecting the dispersion relation. Some of the parameters are directly measurable or known a priori (e.g., grain density, saturated bulk density, and fluid viscosity). Other material values are well constrained or vary little (e.g., elastic moduli of the grains and interstitial fluid). However, the parameters that are directly related to the grain geometry and the nature of the grain contacts are not well known (e.g., pore size parameter, mass factor, and elastic moduli of the frame) and their values are usually inferred from, or constrained by, empirical data.
II. EXPERIMENTAL DATA
The Emerald Basin (Fig. 1) contains a thick proglacial sediment sequence typical of deposits on the continental shelf of southeastern Canada. The basin comprises mainly fine grained silts and clays overlying glacial till deposited during the retreat of icecaps and shelf ice during the last 15 000 years. 2ø Emerald Basin has been chosen for acoustic testing by researchers at the Atlantic Geoscience Centre because the region is well surveyed by highresolution seismic data, the stratigraphy is relatively simple and flat lying, there exists extensive core and bottom sam- water. Deformation of this banding across the longitudinal axis of the core was used to assess sample disturbance, and disturbed samples were rejected. The two pairs of ultrasonic ( 100 to 1000 kHz) transducers were imbedded directly into the core; a 2/ longitudinal and transverse transducer pairs indeed sample the same material volume, then the measurements along both axes should be identical if the material is isotropic. However, marine sediments exhibit natural variability, even over the centimeter scale, inducing differences between the measurements along the two perpendicular paths. Anisotropy in the sedimentary structure should cause a systematic difference between longitudinal and transverse measurements. In the measurements reported here, velocity variations were generally less than 3 m/s, attenuation estimates differed by less than 10 dB/m on average, and the frequency exponent varied by less than 0.10 on average. Measurements that fell widely outside these bounds were excluded from the analysis. Occasionally, small scale cracking of the core fabric was observed, caused by interstitial gas expansion; less than 5% of the measurements on these cores were so affected. The cracking was manifested by greatly different longitudinal and 
III. APPLICATION OF BIOT-STOLL THEORY
In this study, we attempt to invert the acoustic data to generate estimates of grain size, permeability, and bulk frame modulus. It should be noted that grain size enters the dispersion relation by functionally controlling the inter-grain pore space [Eq. (7)]. The values of the other parameters in the dispersion relation were assigned beforehand. Porosity values were calculated from measurements of bulk density and water content taken on the core. The grain densities vary little, and a single value was used in the inversion. Other controlling parameters are assigned a priori from the literature; Table I strain the inversion. In contrast, contour plots where the frame bulk modulus and the permeability were varied, with the grain size held constant, show a unique resolvable minimum (Fig. 7) . It should be noted that this minimum will change when the preassigned value of the grain size in the inversion is varied.
In Fig. 8(a) and ( velocity and attenuation data, it is possible to constrain the relationships between some of the important physical parameters. Additional stipulations, for example the imposition of a direct functional relationship between grain size and permeability, could be used to constrain the inversion to yield unique results. As part of the inversion procedure, optimal values of k and K b were found in order to achieve a fit for each measurement on the core. These best-fit values can be compared to estimates of permeability and frame modulus deduced by other independent means. Empirically derived estimates of permeability can be generated from relations 
IV. DISCUSSION
Although not presented here, the Biot-Stoll models were tested using complex elastic frame moduli, which include the effects of grain contact sliding. Because these sediments have high porosities and small grain sizes, the magnitudes of the frame moduli needed to model the data were small and, consequently, the effects of the frictional sliding in the wave equation solutions were not significant. These sediments respond acoustically more like a suspension than a structurally competent sediment, even though the porosity approaches 55%. The attenuation mechanism in these marine silty clays is dominated by viscous flow through the pore space of the sediment. Coarse slits or sands are likely to respond differently, where much lower porosities would accentuate grain to grain effects. 
V. CONCLUSIONS
We have presented compressional wave acoustic data from high porosity marine sediments. The data show that the attenuation exponent in these sediments ranges between 1.3 and 2.0. Inversion of the acoustic data using Biot-Stoll theory shows that there is a restricted range of grain size and permeability values that can be used to fit the data. With functional constraints on the relationships between these variables, a unique model could be resolved. Given reasonable estimates of grain size, the inversion estimates of permeability agree with empirical estimates made by other means. Inversion based estimates of frame modulus are largely independent of the assigned grain size used in the inversion and are bounded by empirically de- 
